Abstract. A better understanding of the mechanism of anemia associated with Schistosoma mansoni infection might provide useful information on how treatment programs are implemented to minimize schistosomiasis-associated morbidity and maximize treatment impact. We used a cross-sectional study with serum samples from 206 Kenyan school children to determine the mechanisms in S. mansoni-associated anemia. Serum ferritin and soluble transferrin receptor levels were measured by using an enzyme-linked immunosorbent assay. Results suggest that S. mansoni-infected persons are more likely (odds ratio = 3.68, 95% confidence interval = 1.33-10.1) to have levels of serum ferritin ( 100 ng/mL) that are associated with anemia of inflammation (AI) than S. mansoni-uninfected children. Our results suggest that AI is the most common form of anemia in S. mansoni infections. In contrast, the mechanism of anemia in S. mansoni-uninfected children was iron deficiency. Moreover, the prevalence of AI in the study participants demonstrated a significant trend with S. mansoni infection intensity (P 0.001). Our results are consistent with those observed in S. japonicum-associated anemia.
INTRODUCTION
Schistosomiasis continues to burden 74 countries in the developing world, with estimates of 207 million individuals infected worldwide. 1, 2 Although approximately 20 million persons have severe disease and pathologic changes and 280,000 persons die of schistosomiasis every year, most infected persons have more subtle disease-associated morbidities. 2, 3 Anemia is a schistosomiasis-associated morbidity that can also contribute to fatigue, weakness, and reduced cognitive function. [4] [5] [6] Because schistosomiasis prevalence and intensity usually peaks in children between the ages of 8 and 15 years, the height of schistosomiasis-related morbidity may coincide with a high need for optimal cognitive function, ability to focus, and energy and iron requirements in school age children. 2, [4] [5] [6] [7] Moreover, school children in Kenya with heavy Schistosoma mansoni infections are 2.3 times more likely to be anemic than uninfected children. 8 Meta-analysis of available data demonstrates that anemia is a major contributor to the disease-specific disability of schistosomiasis. 3 Thus, schistosomiasis-associated anemia has the ability to impact quality of life of infected children and potentially contribute to the socioeconomic burden in disease-endemic areas.
A better understanding of the causal mechanisms underlying the relationship between anemia and schistosomiasis would be helpful to determine the frequency of anthelminthic treatment necessary to prevent schistosomiasis-associated anemia in this critical age group. Likewise, further insight into the mechanism of S. mansoni-associated anemia is important regarding interventions to improve iron status. Oral iron therapy may have decreased efficacy in the presence of anemia of inflammation (AI) caused by decreased intestinal absorption and sequestration of iron in macrophages. 6 The mechanism of S. mansoni-associated anemia may provide useful information for schistosomiasis treatment program strategies. Recent crosssectional studies on the three primary schistosome species (S. mansoni, S. haematobium, and S. japonicum) suggest that there are four possible mechanisms of schistosomiasisassociated anemia: iron deficiency anemia (IDA), splenic erythrocyte retention, autoimmune hemolysis, and AI. 6, 7, 9, 10 In S. japonicum-associated anemia, AI seems to contribute to anemia across all infection intensities, whereas iron loss in the stool (IDA) may also play a role, but only at the highest infection intensities. [10] [11] [12] Our goal was to determine whether the mechanism of anemia in S. mansoni-associated anemia was similar.
The measurement of two serum biomarkers, serum ferritin (SF) and soluble transferrin receptor (sTfR), has been useful in determining whether IDA, AI, or both mechanisms are responsible for anemia caused by various infections. [13] [14] [15] [16] [17] [18] [19] [20] [21] Serum ferritin directly correlates with total iron storage in the body and low levels are indicative of true IDA when hemoglobin (Hb) levels are reduced. 13, 18 When a person has reduced Hb levels and high SF levels, the patient is iron replete. 13, 22 If the person has adequate iron storage, a non-IDA, perhaps AI, may be the cause. Because SF levels can be increased during inflammation, they have limitations in accurately predicting the mechanism of anemia in anemic persons with intermediate ferritin levels. 14, 23 When the available iron for erythropoiesis is low (in the context of true iron deficiency), membrane transferrin receptors are released and sTfR levels are increased. 19, 23 Although sTfR levels are increased during iron deficiency, they are not appreciably affected by inflammation.
14,23 Thus, with the additional measurement of sTfR levels and its ratio to SF in patients with intermediate serum ferritin values, it is possible to identify which mechanism(s) of anemia is in effect. 13, 15 Independently, the use of SF or sTfR to determine the mechanism of anemia is limited. However, the ratio of these biomarkers can help to distinguish the mechanism(s) in action. Our analyses of SF and sTfR suggest that AI is a contributing mechanism of S. mansoni-associated anemia and that the degree of AI is increased in persons with higher intensity infections. Study participants. This study was a subset of a larger anemia study that investigated the attributable risk of anemia caused by S. mansoni infection in 9-12-year-old children and had 2,745 participants (Montgomery SP and others, unpublished data). Children were eligible to participate if they attended public schools within 6 km of Lake Victoria. All children were screened for parasites and anemia. To reduce any effect that other infectious agents may have on the interpretation of our results, children who had malaria or hookworm infections were excluded from the mechanism of anemia study subset. Persons who met these criteria were grouped according to their S. mansoni infection status and randomly selected. Approximately half of the children in both groups were anemic according to the Kenya National Clinical Guidelines (Hb level 12 g/dL).
MATERIALS AND METHODS

Ethical
Fecal examination. Parasite burden was measured by single stool sample obtained from each person at their respective school. Each of the stool specimens was examined by using the Kato-Katz method in duplicate for S. mansoni, Ascaris lumbricoides, Trichuris trichiura, and hookworm eggs. The egg per gram (EPG) concentration was calculated for each fecal specimen. The geometric mean was determined for specimens with two positive slides. If there was only one positive slide in the sample, the single EPG value was used in the analysis. The intensity of S. mansoni infection was categorized using the World Health Organization criteria as follows: low (1-99 EPG), moderate (100-399 EPG) and heavy ( 400 EPG).
Blood collection and processing. A finger prick sample of blood was collected by using Microvette CB 300 tubes (Sarstedt Inc., Newton, NC). Hemoglobin concentrations were determined for all blood specimens by using a portable, batteryoperated hemoglobinometer (HemoCue, Angelholm, Sweden). Thin and thick blood smears were analyzed by microscopy to determine the malaria status of each participant.
Serum samples were separated within 12 hours of collection and stored at −20 C in separate cryovials until analyzed. Serum ferritin (Alpha Diagnostic International, San Antonio, TX) and sTfR (R&D Systems, Minneapolis, MN) levels were measured by using an enzyme-linked immunosorbent assay. All samples were run in duplicate, and the mean value was recorded for each sample. Schistosoma mansoni adult microsomal antigen immunoblot strips were made and used as described. 24, 25 Socioeconomic status, infection intensity, and statistical analyses. Socioeconomic status (SES) scores were determined by using an asset questionnaire that addresses ownership of consumer items, drinking water source, toilet facilities, and other assets. 26 Contingency analyses were performed with SAS software (SAS Institute, Cary, NC), including a multivariate model that adjusted for SES. The Mantel-Haenszel chisquare test was used to evaluate the role of SES as a potential confounder of the relationship between S. mansoni infection status and the mechanisms of anemia. The SES values were divided into quintiles and then stratified; the top two quintiles were compared with the lower three quintiles in the analysis. The chi-square test and chi-square analysis for trend were used to analyze the relationship between the mechanism of anemia and the intensity of S. mansoni infection. The Kruskal-Wallis test was used to compare SF and sTfR values across the intensities of infection, and groups. Hemoglobin values for each infection intensity were analyzed using oneway analysis of variance.
Definitions. Schistosoma mansoni infection status was defined as having either one S. mansoni egg on one slide of a single fecal examination or displaying seropositivity with a S. mansoni adult microsomal antigen immunoblot. Iron deficiency anemia was defined as the presence of anemia (Hb level 12 g/dL) and an SF level 30 ng/mL. This cut-off value has been demonstrated to have a high sensitivity and specificity for detecting IDA. 18 Anemic children with ferritin levels associated with being iron replete (SF level 100 ng/mL) were defined as having AI. 13, 19, 22 Children with anemia, an intermediate ferritin level (30-100 ng/mL), and an sTfR:log SF ratio 2 were defined as having AI with true iron deficiency. 13 Children with anemia, an intermediate ferritin level, and an sTfR:log SF ratio 1 were defined as having AI. 13 For study participants with a ratio between 1 and 2, and reference values for sTfR and SF levels, the result was indeterminate and no mechanism of anemia was defined.
RESULTS
Samples from 206 children 9-12 years of age were analyzed. Of this group, 106 children were S. mansoni-infected and 100 were S. mansoni-uninfected. Of these children, SF and sTfR values were determined for 161 children. Because of limited serum volume, only serum ferritin levels were determined for 45 samples. Of the 206 children for whom samples were analyzed, 55% (113) were anemic. In the overall study, 51% (1,388 of 2,745) children were anemic on the basis of age-specific Hb levels determined in the Kenya National Clinical Guidelines. 27 Iron deficiency anemia and S. mansoni infection. The overall prevalence of iron deficiency (SF level 30 ng/mL) was high (44 of 206, 21%). Iron deficiency-associated anemia (SF level 30 ng/mL and Hb 12 g/dL) was prevalent in 11.2% (23 of 206) of the population. The frequency of participants with reduced serum ferritin levels was similar between S. mansoniinfected and uninfected groups, suggesting that S. mansoni infection did not influence the frequency of iron deficiency in these children (Figure 1) . A similar result was obtained when these data were stratified by anemia status or SES as a proxy for access to food containing micronutrients such as iron. Schistosoma mansoni infection status did not influence the frequency of iron deficiency in anemic children. The prevalence of IDA decreased as the S. mansoni infection intensity increased (low = 23.1%, medium = 16.7%, high = 0%), but there was no significant negative correlation between S. mansoni intensity and IDA (Table 1) .
Anemia of inflammation and S. mansoni infection. Serum ferritin levels consistent with AI (SF level 100 ng/mL and Hb level 12 g/dL) were identified for 24 (11.6%) of the 206 children in the subset. However, the participants with S. mansoni infections were significantly more likely to demonstrate AI than those without schistosomiasis (P = 0.01) ( Table 2 ). Moreover, there was a significant difference in the frequency of AI between the S. mansoni infection groups (P = 0.006) ( Table 1 ) that increased with intensity of infection (P = 0.0005). This finding remained significant even after the exclusion of uninfected subjects from the analysis (P 0.05).
Although high SF levels ( 100 ng/mL) tended to be more common in S. mansoni-infected persons who were anemic, the association of schistosomiasis with high ferritin levels did not reach statistical significance (P = 0.065) when we controlled for anemia status, which suggested that anemia is at least partially influenced by other factors. Similarly, for children in the top two SES quintiles, i.e., those children most likely to have adequate food access, the prevalence of elevated ferritin was greater in children with S. mansoni infection than for those without schistosomiasis. This finding provides further support that S. mansoni-associated anemia results from inflammation rather than an iron deficient diet. However, the association of schistosomiasis and high ferritin levels was not significant when we controlled for SES (P = 0.14).
For children in the bottom three quintiles, there was no significant difference in the frequency of markers for AI in relation to S. mansoni infection. This finding is consistent with IDA as the predominate mechanism of anemia in persons with a lower SES status.
Serum transferrin receptor and S. mansoni infection. Inflammation can result in increased SF levels, which when combined with IDA, gives the appearance of normal ferritin levels. To address this possibility in our study population, we analyzed serum ferritin values for children who had ferritin in the reference range (30-100 ng/mL) in conjunction with the respective sTfR values. When the ratio of sTfR to log ferritin concentration is 1, AI is the projected mechanism; if the ratio is 2, the anemia is likely associated with inflammation Figure 1 . Distribution of ferritin levels in school children, western Kenya. The frequency of children with reduced ferritin levels were comparable between Schistosoma mansoni-infected (S + ) and -uninfected (S − ) children (1A). Although there was a difference between the frequency of children with increased ferritin levels, this difference was not significant (1B). When the frequency of reduced or elevated ferritin was analyzed for anemic children (1C and 1D), S. mansoni-infected children were 2.99 times more likely to have increased ferritin levels, consistent with anemia of inflammation, than uninfected children (95% confidence interval = 1.1-7.9) (1D). and iron deficiency. 13 A similar frequency of anemic children in the S. mansoni-infected (13.8%, n = 8) and uninfected populations (14.5%, n = 8) had AI and IDA (Table 2 ). Only one S. mansoni-infected child with anemia had an sTfR:log ferritin ratio 1, suggesting that the mechanism of anemia in this person was AI. There were 22 anemic, S. mansoniinfected children with normal ferritin and sTfR values. As a result, no mechanism of S. mansoni-associated anemia was elucidated for these children.
Analysis of sTfR values alone showed a significant difference between S. mansoni uninfected and infected, anemic and non-anemic groups (P = 0.009, by Kruskal-Wallis analysis of variance) (Figure 2 ). Dunn's post test demonstrated that the serum sTfR values of S. mansoni-negative anemic children are significantly higher than those of children with normal Hb values, suggesting that the mechanism of anemia in this group is IDA (P 0.01) (Figure 2 ). In contrast, this difference was not observed between anemic and nonanemic subgroups of S. mansoni-infected persons, which suggests that inflammation is a primary cause of anemia in this group; in the presence of S. mansoni infection, the anemic and non-anemic children had similar mean sTfR levels (P 0.05) (Figure 2) .
Infection intensity. When Hb values were analyzed by S. mansoni infection intensity for all 206 children, the differences between categories of intensity were not significant (P = 0.068) ( Table 1) , but mean Hb values decreased with increasing infection intensity (P = 0.027, by chi-square test for trend). When the median ferritin values were compared with infection intensity, anemic children with high infection intensities had a median ferritin level that differed significantly from that of uninfected anemic children (P 0.01) (Figure 3 ). Because there were only six children with anemia and a moderate infection intensity, we combined the low and moderate infection intensity groups. The median ferritin level for low and medium infection intensity groups did not significantly differ from the uninfected anemic persons. However, when the median ferritin levels for low and medium S. mansoni intensities was compared with that of the high intensity group, there was a significant difference (P 0.05) (Figure 3 ). It is noteworthy that the median ferritin value for the high infection intensity, anemic group was 103 ng/mL (range = 30-303 ng/mL), which was slightly above the AI cutoff value.
DISCUSSION
Several studies have shown an association between S. mansoni infection and anemia. However, this relationship is poorly understood and the mechanisms contributing to anemia are complex. 3, 6 Although IDA has been a proposed mechanism of schistosomiasis-associated anemia because of extra-corporal blood loss from egg movement through the intestinal or bladder wall, the mechanism of S. mansoniassociated anemia has not been studied. To elucidate the contributing mechanisms in S. mansoni-associated anemia, we excluded participants with concomitant hookworm or malaria infections because these parasites are independently associated with anemia. This initial investigation of the mechanism of S. mansoni-associated anemia suggests that AI is the primary contributing mechanism of anemia.
To investigate the contribution of IDA to schistosomiasisassociated anemia, we evaluated the prevalence of IDA Dunn's post test analysis indicated a significant difference between the uninfected and highly infected groups (P 0.01) and between the low/medium intensity infection group and the high intensity group (P 0.05). *Hb = hemoglobin; IDA = iron deficiency anemia; AI = anemia of inflammation. †Odds ratio = 3.68; 95% confidence interval = 1.33-10.1, P = 0.01.
across all S. mansoni infection intensities. We observed that the prevalence of IDA (Hb level 12 g/dL and SF level 30 ng/mL) decreased as S. mansoni infection intensity increased. In addition, we did not detect a difference in the prevalence of IDA between S. mansoni-infected and -uninfected children ( Figure 1C ). Decreased iron stores linked with IDA did not seem to be the predominate mechanism of S. mansoniassociated anemia, and iron deficiency was not sufficient to explain S. mansoni-associated anemia in this population.
We also evaluated the possible contributing role of AI to S. mansoni-associated anemia by measurement of SF and sTfR levels. We found the same frequency of children with evidence of AI and IDA in the S. mansoni-infected and -uninfected groups ( Table 2) . We analyzed the difference in the prevalence of AI (SF level 100 ng/mL or 30-100 ng/mL with an sTfR:log SF ratio 1) across all infection intensities. In this cross-sectional study, the intensity of S. mansoni infection was significantly associated with AI (P = 0.0005) ( Table 1) . When the median ferritin values were analyzed across all S. mansoni infection intensities, anemic children with high intensity infections differed significantly from uninfected anemic children (P 0.01) (Figure 3) . Furthermore, the median ferritin value for the high intensity infection anemic group was 103 ng/mL and the range of values was 30-303 ng/mL, which excluded IDA alone as a mechanism of anemia in this group. The results suggested that the mechanism of anemia in all children with high intensity infections was either AI alone or a combination of IDA and AI (Table 1) . Finally, the odds of a child having AI were much more likely in S. mansoniinfected persons than uninfected persons (odds ratio = 3.68, 95% confidence interval = 1.33-10.1). Thus, our analysis of the mechanism of S. mansoni-associated anemia from measurements of SF and sTfR levels supports an inflammatory mechanism more than one involving iron deficiency.
Soluble transferrin receptor is not appreciably affected by inflammation, making it a valuable iron status marker when inflammation is present. However, the concentration of sTfR in serum is increased during iron deficiency. When sTfR levels were analyzed independently, significantly higher levels of sTfR were observed in the anemic S. mansoni-uninfected children when compared with nonanemic S. mansoni-uninfected children (Figure 2) . Conversely, the mean sTfR level in anemic S. mansoni-infected children compared with that in nonanemic S. mansoni-infected children was not statistically different. The absence of an increase in sTfR levels suggests that IDA is not a primary contributing mechanism of anemia in the context of S. mansoni infection but that AI predominates.
There were several limitations to this study. The finger prick blood volume restricted the serum volume considerably. The serum volume for most samples was, at best, adequate to run the ferritin and sTfR enzyme-linked immunosorbent assays in duplicate. The number of persons included was reduced because of a greater malaria prevalence in the overall study than expected, and all positive blood smear patients were omitted from the analysis because of the association between malaria infection and anemia. In addition, S. mansoni prevalence in this study area was less than what had been observed in previous studies in this area, resulting in fewer participants with S. mansoni infection and anemia. With a low number of patients in the moderate-intensity and high-intensity S. mansoni infection groups, we were limited in our statistical analyses. Although it is unlikely that children in this age group were positive for human immunodeficiency virus (HIV), we did not determine HIV status for the study participants. Thus, HIV positivity in the children could have contributed to AI and confounded our results.
Because of reduced sample volumes and number of eligible participants, we had to limit the number of biomarkers we investigated. Although we did not have an independent measure of inflammation for this study, we did have the controlled variable of chronic disease, S. mansoni infection, in which we assessed anemia. Additional measurement of markers of inflammation, such as pro-inflammatory cytokines, hepcidin and C-reactive protein, could have provided additional support for the mechanism of AI in schistosomiasis-associated anemia. 6, 11 Although pro-inflammatory cytokine markers and C-reactive protein are less specific for diagnosing AI, there is great promise for future use of hepcidin, a putative mediator of anemia of inflammation. 28 The results from the first human hepcidin immunoassay were reported in 2008, but a commercial kit is not yet available. 29 Further studies in S. mansoniinfected school children with larger sample sizes are needed to confirm whether these results are generalizable.
Our findings suggest that anemic study participants who were not infected with S. mansoni had reduced serum ferritin levels and increased sTfR levels, consistent with IDA. In S. mansoni-infected anemic persons, we found that patients were significantly more likely to have increased ferritin levels, which correlates with patients who have storage forms of iron rather than bioavailable forms, likely the result of AI. Given the etiologic differences of reduced bioavailable iron during IDA and AI, treatment strategies also differ substantially. Iron supplementation is recommended in the context of true IDA. However, it has limited utility in the context AI when iron is sequestered from iron-dependent host tissues. [30] [31] [32] [33] [34] In malaria-endemic areas such as western Kenya, there is growing concern that iron therapy or iron replete state may increase the risk of malaria morbidity, which further supports weighing the costs and benefits of iron provision, particularly in the presence of AI. 35, 36 The current therapeutic recommendation for AI is treatment of the underlying infection or condition. 37 This study showed that AI is associated with S. mansoniinfection in children, which is consistent with studies of anemia in S. japonicum-infected persons. 10, 11 Recently, cognitive deficits were found to be associated with non-IDA (primarily AI) as a result of S. japonicum infection. 38 It will be important to determine if AI plays a role in cognitive deficits in children with S. mansoni. This information will contribute to the design of treatment programs that address the underlying disease, S. mansoni infection, and ameliorate schistosomiasisassociated morbidities.
